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XenopusIn a microarray-based screen for genes that are involved in tissue separation downstream of Paraxial
Protocadherin (PAPC) and Frizzled-7 (Fz7)-mediated signaling we identiﬁed xGit2 and xRhoGAP 11A, two
GTPase-activating proteins (GAP) for small GTPases. xGit2 and xRhoGAP 11A are expressed in the dorsal
ectoderm, and their transcription is downregulated in the involuting dorsal mesoderm by PAPC and Fz7.
Overexpression of xGit2 and xRhoGAP 11A inhibits Rho activity and impairs convergent extension
movements as well as tissue separation behaviour. We propose that Rho activity in the involuting mesoderm
is enhanced through inhibition of xGit2 and xRhoGAP 11A transcription by PAPC and Fz7. By this mechanism
xRhoGAP 11A and xGit2 are restricted to the dorsal ectoderm, while Rho signaling is inhibited.(I. Köster),
eisser).
ll rights reserved.© 2010 Elsevier Inc. All rights reserved.Introduction
The basic body plan is established during embryogenesis by the
concerted action of morphogenetic processes which have been
extensively studied in the amphibian embryo (Davidson et al., 2002;
Keller et al., 1992; Keller et al., 2000; Winklbauer and Schurfeld,
1999). During gastrulation mesodermal cells acquire a bipolar shape
in the mediolateral direction and the tissue narrows in this direction
by cell-intercalations. By this mechanism, called convergent extension
(CE), the involuting tissue elongates and the anterior–posterior body
axis of the embryo is formed (Keller et al., 2000; Wallingford et al.,
2002).
The involuting mesendoderm moves along the blastocoel roof
towards the prospective anterior side of the embryo, but despite the
close contact of these tissues, mesendoderm and the overlaying
ecotoderm do not mix and stay separated from each other. During this
process of tissue separation (TS) a border betweenmesendoderm and
ectoderm, the so called Brachet's cleft, is formed (Wacker et al., 2000).
Several studies have focused on the signaling pathways that
control the different morphogenetic movements in the Xenopus
embryo. β-catenin-independent Wnt signaling, in particular, is
involved in the control of convergent extension movements and
tissue separation behaviour (Medina et al., 2004; Wallingford et al.,2002). Two molecules have been identiﬁed as components of these
signaling modules that control morphogenesis: Xenopus Frizzled-7
(XFz7) receptor and the Xenopus Paraxial Protocadherin (PAPC)
(Medina et al., 2004; Winklbauer et al., 2001).
The Xenopus Fz7 receptor can interact with ligands of both the
Wnt-1-type family and theWnt-5a-type family, and is able to activate
β-catenin-dependent and independent Wnt-pathways (Medina et al.,
2000). Knockdown of xFz7 by antisense morpholino oligonucleotides
(Mo) inhibits the formation of the posterior part of Brachet's cleft.
PAPC is a protocadherin with six extracellular cadherin domains
expressed early in the dorsal mesoderm and in the somitic mesoderm
at later stages, where it displays cell sorting activity (Kim et al., 1998).
Knockdown of PAPC also leads to a loss of the posterior Brachet's cleft,
which exerts its function on tissue separation. PAPC has been shown
to have a signaling function, and the C-terminus is important for this
activity. Through the C-terminus, PAPC is able to activate c-jun N-
terminal kinase and the small GTPase RhoA (Medina et al., 2004;
Unterseher et al., 2004), cytoplasmic effectors of both components of
β-catenin-independent Wnt signaling. xFz7 can modulate Rho
through PKC via G-protein-mediated signaling or through a Dishev-
elled (Dsh)-dependent activation of the planar-cell-polarity-pathway
(PCP). Recently it was shown in Xenopus that PAPC positively
regulates Rho activity by sequestering sprouty1, an inhibitor of β-
catenin-independent signaling (Wang et al., 2008).
In this study we present evidence for an additional regulatory layer
of Rho signaling in Xenopus. We show that PAPC and xFz7 mediate the
transcription of two regulators of Rho signaling. PAPC and Fz7
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activating proteins (GAP) for small GTPases. GAPs inactivate small
GTPases by hydrolizing GTP bound to the active GTPase to GDP. xGit2 is
a GAP speciﬁc for the small GTPase Arf (ADP ribosylation factor);
xRhoGAP 11A contains a GAP-domain for the small GTPase RhoA. Here
we show that both proteins have an inﬂuence on morphogenetic
processes like convergent extension and tissue separation, and they
negatively regulate Rho activity. The activation of non-canonical Wnt-
pathways by PAPC and Fz7 may be attributable to ﬁne tuning of Rho




Xenopuseggswereobtained from females injectedwith 500 IUhuman
chorionic gonadotropin (Sigma), and were fertilized in vitro. Embryos
were dejellied with 2% cysteine hydrochloride, pH 8, and embryos were
microinjected in 1x MBSH (88 mM NaCl, 1 mM KCl, 2.4 mM NaHCO3,
0.82 mM MgSO4, 0.41 mM CaCl2, 0.33 mM Ca(NO3)2, 10 mM HEPES pH
7.4, 10 µg/ml penicillin). The embryos were cultured in 0.1× MBSH and
staged according to Nieuwkoop and Faber (Nieuwkoop and Faber, 1975).
Animal cap assay, Keller explants, in vitro BCR assay and analysis of
Brachet's cleft formation
For the animal cap elongation assay, 4-cell stage embryos were
injected animally into two blastomeres with 200 pg Bvg1 mRNA,
together with MoPAPC, MoRhoGAP, MoGit or xGit2 and xRhoGAP 11A
RNA. Animal caps were excised at stage 9 and cultivated in 1× MBSH
together with 10 ng/µl gentamycine over night.
Embryos were injected into the two dorsal blastomeres at 4-cell
stage with synthetic mRNAs for xGit2, xGit2 R39K and xRhoGAP 11A.
Keller open face explants (Keller et al., 1992) were prepared at stage
10.5 as described and grown under a coverslip seated with silicone
grease. Elongated explants were classiﬁed into three subgroups: full
elongation, intermediate elongation and no elongation.
The blastocoel roof (BCR) assay to investigate separation behav-
iour was performed as described (Wacker et al., 2000). Embryos were
injected animally with in vitro synthesized mRNAs or morpholino
antisense oligonucleotides together with ﬂuorescein dextran at 4-cell
stage. 200 pg Bvg1 mRNA was injected either alone or together with
800 pg xGit2 mRNA or 60 pg xRhoGAP 11A or 0.5 mM MoPAPC,
0.5 mMMoGit2 or 0.5 mMMoRhoGAP. At stage 10.5, the inner animal
cap cells derived from injected embryos were dissected into small cell
aggregates and placed upon an uninjected animal cap that served as a
substrate. A coverslip was ﬁxed with silicone grease to inhibit rolling
up of the explant. Separation behaviour was scored after 45 min.
For analysis of Brachet's cleft formation, embryos were injected at
4-cell stage into the two dorsal blastomeres with either 800 pg xGit2
mRNA or 60 pg xRhoGAP 11AmRNA. Embryos were grown until stage
10.5, ﬁxed with MEMFA and cut sagitally through the dorsal midline.
The length of Brachet's cleft was analyzed.
Microarrays and data analysis
Microarray analysis was performed using the Agilent Xenopus laevis
60-mer oligo microarray. 4-cell stage embryos were injected animally
with each 400 pg PAPC and 300 pg Fz7 mRNA. Embryos were cultured
until stage 9 and animal caps were dissected and cultured until control
embryos reached stage 10.5. RNA of each 40 wildtype and 40 injected
animal caps was isolated using TRIZOL reagent (Invitrogen). The RNA
was ampliﬁed and cRNA was directly labeled with Cy3 (WT) and Cy5
(injected) using the Low RNA Input Linear Ampliﬁcation Kit (Agilent)
according to the manufacturer's instruction. Labeled cRNA wascompetitively hybridized to the microarrays. Hybridized arrays were
scanned using the Agilent DNA microarray scanner and data was
obtained by Agilent Feature extraction software. The microarray
experiments were repeated in three biological replicates. Further data
analysis was performed using Rosetta Resolver software. Only genes
that were regulated in all three biological replicates more than 2-fold
with a p-value of 0.01 were considered as true candidates.
Plasmids and mRNA synthesis
DNA plasmids of xRhoGAP 11A (BC070822, IRBHp990A0355D2) and
xGit2 (BC073412, IRBHp990B0339D2)were obtained as full length cDNA
clones from RZPD (Deutsches Ressourcenzentrum für Genomforschung
GmbH). For mRNA synthesis, the genes were subcloned into pCS2+
(Rupp et al., 1994; Turner and Weintraub, 1994) by ampliﬁcation of the
open reading frames by PCR (Bam-RhoGAP-fwd 5′-ATGCGGATCCAT-
GAGGGCAACTGG-3′, Xho_RhoGAP_rev 5′-TCGCTCGAGTTAACT-
GATTGGTTCC-3′, Eco-git-fwd 5′-ATGCGAATTCATGTCCAAGCGGCTGA-3′,
Xho-git-rev 5′-ATCGCTCGAGTCAGTTGGTGTTT-TCTTT-3′) and cloning the
PCR-fragments into PCRII-TOPO® (Invitrogen). Subsequently the BamHI/
XhoI-RhoGAP fragment and the EcoRI/XhoI-Git2 fragments were cloned
into the BamHI/XhoI sites of pCS2+ or the EcoRI/XhoI sites respectively.
All constructs were conﬁrmed by sequencing. The xGit2 R39K point
mutant was obtained by site directed mutagensis (Git2-R39K-fwd 5′-
AATGCTGCAGTGTACACAAAAGCCTTGGTCGTCACA-3′; Git2-R39K-rev (5′-
TGTGACGACCAAGGCTTTTGTGTACACTGCAGCATT-3′).
pCS2+xRhoGAP 11A, pCS2+xGit2, FL-PAPC (Kim et al., 1998),
caRhoA (Medina et al., 2004) and RhoA-myc (Medina et al., 2004),were
linearized with NotI (Fermentas). Fz7 (Winklbauer et al., 2001) was
linearized by Asp718 (Roche) and Bvg1 (D. Melton) by EcoRI
(Fermentas). Capped mRNAs were synthesized from linearized plas-
mids using the mMessage mMachine Kit (Ambion).
Antisense morpholino oligonucleotides
Antisense morpholino oligonucleotides against xRhoGAP 11A
(BC070822) and xGit2 (BC073412) were designed and synthe-
sized by Gene tools LLC. MoRhoGAP (5′- AGGTCCAGTTGCCCT-
CATGGTCG-3′) covers the ATG region of xRhoGAP 11A. MoGit2 (5′-
GCTCCTCAGCCGCTTGGACATGGTA-3′) covers the ATG region of xGit2.
Speciﬁcity of both morpholinos was tested in a TNT reaction (Promega)
and subsequent Western blotting (Supplementary Fig. 3). For MoPAPC a
mixture of two morpholinos targeting both PAPC alleles (MoPAPC 1 and
2) was injected (Medina et al., 2004; Unterseher et al., 2004). MoFz7 was
injected as described (Winklbauer et al., 2001).
Whole mount in situ hybridization
Hemi-section in situ hybridization and antisense probe preparation
were carried out as described (Epstein et al., 1997). A ﬂuorescein-
labeled PAPCprobewas synthesizedby linearisingpCS2+PAPC-FLwith
XbaI (Fermentas) and in vitro transcribed using T7 RNA polymerase.
Digoxigenin-labeled xRhoGAP and xGit2 probes were obtained from
RZPD clones IRBHp990A0355D2 in pCMV-Sport6 (xRhoGAP 11A) and
IRBHp990B0339D2 in pCMV-Sport6 (xGit2) linearizedwith KpnI and in
vitro transcribed using T7 RNA polymerase. Digoxigenin-labeled
antisense RNAs for xChd was synthesized by linearizing the plasmid
containing Chd (Sasai et al., 1994) with EcoRI and transcribed using T7
RNA polymerase. The plasmid containing Xbra (Smith and Harland,
1991) was linearized with SalI and transcribed with SP6 polymerase.
Anti-Digoxigenin-AP and Anti-Fluorescein-AP antibodies (Roche) were
used for detection. BMPurple (Roche) was used as a substrate for the
alkaline phosphatase.
For quantiﬁcation of the in situ data, the area of the xGit2 and
xRhoGAP 11A expression domain in the involuted mesendoderm (blue
Fig. 1. Gain of PAPC and Fz7 function alters gene transcription. (A) Ontology of upregulated and downregulated genes in PAPC and Fz7-expressing Xenopus animal caps (st.10.5)
identiﬁed by microarray analysis. The intersections of those genes that were regulated in all three biological replicates (p=0.01) are shown. Up and downregulated genes were
categorized according to the predicted or established functions of the proteins acquired by similarity search against DNA and protein databases. (B) Downregulation of RhoGAP 11A
and xGit2 was conﬁrmed by qRT-PCR in PAPC and in PAPC and Fz7 injected animal caps. (C) Protein structure of xRhoGAP 11A and xGit2, two downregulated genes. (D) Expression
of RhoGAP11A and xGit2 during early development by RT-PCR analysis (Stage (st.) 7: morula; st.8,: early blastula; st.9: late blastula; st.10: early gastula; st.11: mid gastrula; st.12:
late gastrula; st.17: neurula; st.21: tailbud stage; st.33: tadpole stage). (E) Expression of PAPC, xRhoGAP 11A and xGit2 by whole mount in situ hybridization in hemisectioned
Xenopus gastrula embryos (st.10.5).
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was divided by the total area of the involuted mesendoderm.
RT-PCR, qRT-PCR
RNA from4–5embryos, 10dorsal half embryos or 15animal capswas
extracted using TRIZOL® reagent (Invitrogen) and reverse transcribed
using M-MulV Reverse Transcriptase (Fermentas). RT-PCR was
carried outwith EuroTaq (Euroclone)with the following sets of primers:
ODC-F (5′-GTCAATGATGGAGTGTATGGATC-3′) and ODC-R (50-
TCCATTCCGCTCTCCTGAGCAC-30), xGit2-F (5′-GAAGCCTTGGTCGTCA-
CATT-3′) and xGit2-R (5′-ATGAAGAGGCGTGCTACCTT-3′), xRhoGAP -F
(5′-aaggtacaggcgcagaagag-3′) and xRhoGAP-R (5′-AGCTTCCG-
TACGCTTCGATA-3′), Bra-F (5′-CACAGTTCATAGCAGTGACCG-3′) and
Bra-R (5′-TTCTGTGAGTGTACGGACTGG-3′), Chd-F (5′-TGAGCCGCAGC-
GAAGTCGTC) and Chd-R (5′-ACTGGGGGCCACACATGGCT-3′) .
Quantitative RT-PCR was carried out using Absolute SYBR Green ROX
Mix (Thermo Scientiﬁc) and an ABI 7500 Fast Real-Time PCR cycler
(Applied Biosystems). Results of at least three independent experiments
were combined. For qRT-PCR the following primer sets were used: ODC-
ABI-fwd (5′-TGCACATGTCAAGCCAGTTC-3′) and ODC-ABI-rev (5′-
GCCCATCACACGTTGGTC-3′), RhoGAP-ABI-fwd (5′-AGCCACAATCTTGGT-GACG-3′) and RhoGAP-ABI-rev (5′-CATCCGGTTTTCACTGCAC-3′), git2-
ABI-fwd (5′-CTTCGTGTAATGCAGAAAAAGC-3′) and git2-ABI-rev (5′-
TCCGGGTTGGACCTGATA-3′).
RhoA activity assay, RBD-GFP staining
For the RhoA activity assay, Xenopus embryos were injected at 4-
cell stage into the two dorsal blastomeres with 200 pg mRNA for
RhoA-myc (Medina et al., 2004) either alone or together with 800 pg
xGit2, xGit2 R39K, 60 pg of xRhoGAP 11A, 0.5 mM MoPAPC, 0.5 mM
MoPAPC and 0.5 mMMoGit2 orMoRhoGAP. The embryoswere grown
until stage 10.5 and embryo extract was prepared in the Rho lysis
buffer (50 mM Tris pH7.2, 1% Triton X-100, 500 mM NaCl, 10 mM
MgCl2 and Complete® protease inhibitor (Roche)). GST-RBD binding
assays were performed as described (Ren et al., 1999). Samples were
resolved using 12% SDS-PAGE and immunoblotted with a mouse anti-
Myc (9E10) antibody. Whole embryo extracts were used as a loading
control.
For RhoA activity staining, embryoswere injected at 4-cell stage into
the dorsal right blastomerewith xGit2mRNA (800 pg) or xRhoGAP 11A
mRNA (60 pg) together with mRNA for H2B-RFP (200 pg) to mark the
injected side. RBD-GFP protein was kindly provided by R. Grosse.
Fig. 2. xGit2 and xRhoGAP 11A inhibit convergent extension movements. (A) Synthetic
mRNA for xGit2 (800 pg/embryo) and xRhoGAP 11A (60 pg/embryo) was injected into
Xenopus embryos at the 4-cell stage. Overexpression of both xGit2 and xRhoGAP 11A
leads to gastrulation defects, such as shortened body axes and spina biﬁda.
(B) Microinjection of xRhoGAP 11A (60 pg/embryo), xGit2 (800 pg/embryo) and
xGit2 R39K (800 pg/embryo), a protein with a mutated Arf-GAP domain into the dorsal
blastomeres of 4-cell embryos inhibits convergent extension movements in dorsal
marginal zone explants. (C) Overexpression of xRhoGAP 11A (60 pgRNA/embryo) and
xGit2 (800 pg RNA/embryo) inhibits CE in Bvg1 (200 pgRNA/embryo) induced animal
cap explants. Elongation of the explants was scored when control siblings had reached
st. 22.
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explanted and cultivated under a coverslip ﬁxed with silicone grease in
1x MBSH for 4 hours. Explants were ﬁxed in MEMFA (0.1 M MOPS, pH
7.4, 2 mM EGTA, 1 mM MgSO4, 3.7% formaldehyde) for 30 min and
washed 6 times in PBS (137 mM NaCl, 2.7 mM KCl, 1.5 mM KH2PO4,
6.5 mM Na2PO4, pH7.5) and stained as described previously (Berger
et al., 2009). Images were taken on the uninjected and injected sides
with the same exposure times. To exclude bleaching effects the injected
side was imaged ﬁrst.
Microscopy and image acquisition
Embryonic images (ﬂuorescent and non-ﬂuorescent) were obtained
using a Zeiss Axiophot equippedwith a LeicaDC350FX camera. Confocal
images were acquired using a Nikon A1R laser scanning microscope
(Nikon Imaging Center, Heidelberg). Maximum z-stack projection,
quantiﬁcation of Western blot bands and ISH expression domains was
performed using ImageJ software and further processing of images was
carried out using Photoshop CS3 Extended Version 10.0.1.
Results
Overexpression of PAPC and Fz7 alters gene transcription in the ectoderm
Expression of PAPC and Fz7 in animal caps elicits separation
behaviour in the absence of mesoderm induction. The signaling
properties of PAPC and Fz7 are required to induce tissue separation in
the ectoderm cells, however the molecular components that mediate
this process are as yet unknown (Medina et al., 2004;Winklbauer et al.,
2001). To investigatewhether PAPC and Fz7 in the ectoderm affect gene
transcription, we compared the transcriptomes of animal cap cells
ectopically expressing PAPC and Fz7 with wild type (WT) animal cap
tissue using the Agilent Xenopus laevis 60-mer oligo microarray. 4-cell-
stage embryoswere injected animallywith 400 pg PAPC and 300 pg Fz7
mRNA, amounts sufﬁcient to induce tissue separation. Animal capswere
explanted at the blastula stage (stage 9), cultured until control embryos
reached stage 10.5 and RNA extracted from wild type and injected
tissues. The RNAwas ampliﬁed and cRNAwas directly labeled with Cy3
(WT) and Cy5 (injected). Themicroarray experiments were repeated in
three biological replicates. Genes were further analyzed that were
regulated signiﬁcantly in all three replicates (p=0.01). We found 56
genes that were upregulated in PAPC and Fz7 expressing cells, and 58
genes that were signiﬁcantly downregulated (Fig. 1A). The genes were
then categorized according to the predicted or established functions of
the proteins by a similarity search in DNA and protein databases.
Among the downregulated genes we found two novel Xenopus
GTPase-activating proteins (GAPs). Since PAPC and Fz7 mediate Rho-
signaling and separation behaviour is sensitive to themodulation of Rho
signaling, we chose these genes for further analysis. One of these genes
encodes a GTPase-activating protein for RhoA which is homologous to
human RhoGAP 11A and was therefore named xRhoGAP 11A.
Functional data on the human homologue does not exist.
The other protein, xGit2, is homologous to the human protein Git2
(G-protein-coupled receptor kinase interacting protein2). It contains
a GAP-domain for the small GTPase Arf followed by three ankyrin
repeats, a Spa2-homology domain, a coiled-coil domain and a Paxillin-
binding site (Fig. 1C). Git proteins are ubiquitious multidomain
proteins involved in diverse cellular processes such as modulating
cellular structures, membrane trafﬁcking and scaffolding signaling
cascades (Hoefen and Berk, 2006).
First we conﬁrmed the regulation of the two genes by PAPC and
Fz7 in quantitative RT-PCR. Overexpression of PAPC and Fz7 in animal
caps downregulated xGit2 expression by 70% and xRhoGAP 11A by
80%. The same extent of downregulation had been determined in the
microarray experiments. Overexpression of PAPC alone was also
sufﬁcient to reduce both xGit2 and xRhoGAP 11A expression (Fig. 1B).
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xGit2 and xRhoGAP 11A in early Xenopus embryos by RT-PCR and
whole mount in situ hybridization. Both genes were expressed
maternally and were downregulated at the onset of gastrulation
(Fig. 1D). In situ hybridizations showed that xGit2 and xRhoGAP 11A
mRNAs were present in the entire ectoderm, but were enriched
dorsally (Fig. 1E). The involuting mesendoderm, where PAPC is
expressed, was almost devoid of xGit2 and xRhoGAP 11A transcripts.
xGit2 and xRhoGAP 11A inhibit convergent extension movements
To investigate the function of xGit2 and xRhoGAP11A in Xenopus
embryos,weperformedoverexpression studiesusingbothproteins. The
two dorsal blastomeres of 4-cell stage embryos were injected with
800 pg of xGit2 or 60 pg of xRhoGAP 11A mRNA. Overexpression of
xGit2 or xRhoGAP 11A led to shortened body axes and spina biﬁda
without affecting mesoderm differentiation (Fig. 2A, Supplementary
Fig. 1). Shortened body axes and spina biﬁda are typical phenotypes
observed after perturbation of morphogentic cell movements and often
result from inhibition of CE movements or from defective tissue
separation. To test whether gain of xGit2 and xRhoGAP 11A function
inhibits CEmovements, we analyzed themorphogenetic movements in
dorsal marginal zone (DMZ) explants and animal caps (AC) stimulated
with TGF-β growth factors. Inhibition of convergent extension move-
ments blocks the elongation of DMZ explants, so-called Keller open face
explants (Keller et al., 1992). Overexpression of 800 pg xGit2 or 60 pg
xRhoGAP 11A in the two dorsal blastomeres reduced the elongation of
Keller explants dramatically (Fig. 2B). About 50% of the xRhoGAP 11A or
xGit2-injected DMZs failed to elongate at all. In contrast 95% of
uninjected DMZ explants elongated either fully or partially. In addition
xGit2 R39K, which contains a point mutation in the ArfGAP domain of
xGit2 and lacks GAP activity (Di Cesare et al., 2000; Matafora et al.,Fig. 3. xGit2 and xRhoGAP 11A inhibit tissue separation. (A) Synthetic RNA for xRhoGAP 11A
of 4-cell stage Xenopus embryos. Overexpression of both RhoGAP 11A and xGit2 abolished the
cleft. (B) Experimental procedure of the blastocoel roof (BCR) assay. (C) xGit2 (800 pg/emb
induced animal cap tissue (200 pg/embryo). (D) Statistical evaluation of the BCR assays.2001), inhibited elongation to the same extent as wildtype xGit2,
indicating that the inhibition of CE movements is independent of the
ArfGAP-activity of xGit2.
A similar result was obtained in TGF-β-induced AC explants.
Overexpression of Bvg1, a TGF-β family member, induced dorsal
mesoderm and 85% of the animal cap explants elongated due to
convergent extension movements. Coexpression with xRhoGAP 11A or
xGit2 reduced the number of elongating animal caps to 40 and 50%
respectively (Fig. 2C). Based on the morphogenesis defects in the
embryos and the inhibition of elongation in DMZ and AC explants we
conclude that overexpression of xRhoGAP 11A or xGit2 inhibits CE
movements.
xRhoGAP 11A and xGit2 inhibit tissue separation
xRhoGAP 11A and xGit2 expression is downregulated in tissues
which display separation behaviour. We therefore investigated
whether overexpression of xRhoGAP 11A or xGit2 could impair tissue
separation. First we analyzed the formation of Brachet's cleft, the
border between the involuting mesendoderm and the ectoderm in
embryos which ectopically express xRhoGAP 11A or xGit2 on the
dorsal side.
Four-cell-stage embryoswere injected dorsally with 800 pg xGit2 or
60 pg xRhoGAP 11A and let grow until stage 10.5, ﬁxed and sectioned
sagitally through the dorsal midline. In xRhoGAP 11A or xGit2-injected
embryos the posterior part of Brachet's cleft was absent or shortened
(Fig. 3A). Interestingly, the samephenotype is observedwheneither Fz7
or PAPC function were inhibited by antisense morpholino oligonucleo-
tides (Winklbauer et al 2001; Medina et al., 2004).
The role of xGit2 and xRhoGAP 11A in tissue separation was also
demonstrated in the blastocoel roof (BCR) assay (Wacker et al., 2000).
Dorsal mesoderm, which is able to separate from ectoderm tissue of the(60 pg/embryo) and xGit2 (800 pg/embryo) were injected into the dorsal blastomeres
posterior part of Brachet's cleft. Blue arrowheads indicate the posterior end of Brachet's
ryo) and xRhoGAP 11A (60 pg/embryo) reduced separation in the BCR assay in Bvg1-
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4–8-cell stage embryos and ﬂuorescein dextran was coinjected as a
lineage tracer. Clusters of Bvg1-induced cells from stage 10.5 embryos
were placed on the BCR substratum and tissue separationwas observed
in 60% of these clusters (Fig. 3C).When Bvg1-injected animal caps were
coinjected with xGit2 or xRhoGAP 11A only 20–30% of the clusters
remarked separated from the BCR and themajority of cells sank into the
substratum.
The loss of Brachet's cleft and the inhibition of separation behaviour
in dorsal mesoderm after overexpression of xRhoGAP 11A or xGit2
indicate that these proteins negatively regulate tissue separation.
Knockdown of PAPC upregulates xGit2 and xRhoGAP 11A locally
Transcription of xGit2 and xRhoGAP 11A is downregulated in PAPC
and Fz7-expressing animal caps, and neither gene is expressed
endogenously in the involuting mesendoderm where endogenousFig. 4. Knockdown of PAPC upregulates xGit2 and xRhoGAP 11A in the involuting mesendod
on the dorsal side of Xenopus embryos upregulated xRhoGAP 11A and xGit2 shown by q
hybridization in hemisectioned Xenopus gastrula embryos (st. 10.5). In wild type embryos th
xGit2 and RhoGAP 11A transcripts are localized in the ectoderm but not in the dorsal lip a
domains were more extended into the involuting mesoderm, where PAPC is expressed norm
mRNA degradation, so that it could still be detected by in situ hybridization.White lines indic
injected embryos (n=40) showed an expansion of the xRhoGAP 11A and xGit2-expressi
increased compared to wildtype embryos, the expression area of xGit2 was increased 2.6-fPAPC and Fz7 mRNAs are localized. Based on this observation we
investigated whether PAPC function is required during gastrulation
for the inhibition of xGit2 and xRhoGAP 11A in the involuting
mesendoderm by analyzing whether xGit2 and xRhoGAP 11A
expression is upregulated after knockdown of PAPC function. 4-cell-
stage embryos were injected dorsally with 32 ng each of MoPAPC and
MoFz7, grown until stage 10, total RNA was isolated from the dorsal
halves and quantitative qRT-PCR performed (Fig. 4A). Expression of
xRhoGAP 11A and xGit2 was upregulated 10- and 2-fold after the
combined knockdown of PAPC and Fz7 compared to uninjected
control halves (Fig. 4A).
In a second set of experiments we analyzed the expression domains
of xGit2 and xRhoGAP 11A in Mo PAPC-injected, bisected gastrula
embryos by whole mount in situ hybridization.
The expression domains of PAPC and xGit2 and xRhoGAP 11A in
uninjected embryos weremutually exclusive and adjacent. When PAPC
was knocked down, the expression domains of xGit2 and xRhoGAP 11Aerm. (A) Antisense morpholino oligonucleotide-mediated knockdown of PAPC and Fz7
RT-PCR. (B) Analysis of xRhoGAP 11A and xGit2 expression by whole mount in situ
e expression domains of PAPC and xGit2 or RhoGAP mRNAs are adjacent to each other.
nd the involuting mesoderm (upper row). In PAPC depleted embryos the expression
ally. Knockdown of PAPC by antisense morpholino oligonucleotides did not cause PAPC-
ate Brachet's cleft. (C,D) Quantiﬁcation of in situ hybridization-data. 85% of theMoPAPC-
on domains (C). In these embryos the expression area of xRhoGAP 11A was 3.2-fold
old (D).
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the investigated embryos and overlapped with the PAPC expression
domain (Fig. 4B–D). PAPC RNA was still detectable after knockdown
with morpholino antisense oligonucleotides, because the mRNA is not
degraded after binding of the morpholino oligonucleotide.
These experiments demonstrate that the expression of xGit2 and
xRhoGAP 11A in the Xenopus gastrula is regulated by PAPC. They also
show that the expression domains of xGit2 and xRhoGAP 11A on the
dorsal side of the embryo are deﬁned in part by PAPC.
xGit2 and xRhoGAP 11A negatively regulate RhoA activity
Because overexpression of xGit2 and xRhoGAP 11A and Mo
knockdown of PAPC and Fz7 inhibit CE movements and tissue
separation, we hypothesized that xGit2 and xRhoGAP 11A could
negatively regulate β-catenin-independent Wnt signaling. Since Rho
is an effector of this signaling cascade, we tested whether xGit2 and
xRhoGAP 11A could modulate RhoA activity. 100 pg of a myc-tagged
RhoA construct was injected dorsally into 4-cell stage embryos alone
or in combination with 800 pg xGit2 or 60 pg xRhoGAP 11A mRNA.
Activated, RhoA-myc was pulled downwith RBD-GST, the GST-tagged
Rho-binding domain of rhotekin that binds only GTP-bound, active
RhoA (Ren et al., 1999), and analyzed in a Western blot using an anti-
myc antibody (Fig. 5A,B). As expected, XRhoGAP 11A, which carries a
GTPase-activating domain speciﬁc for RhoA, reduced RhoA-activity.
RhoA activity was also signiﬁcantly reduced in xGit2-expressing
embryos. Interestingly a similar result was obtained when the xGit2
mutant R39K was expressed. xGit2 R39K carries a point mutation in
the ArfGAP domain, which abolishes GAP activity (Di Cesare et al.,
2000; Matafora et al., 2001). This suggests that the inhibition of RhoA
signaling by xGit is independent of its GAP activity.
The inhibition of endogenous Rho signaling after overexpression of
xGit2 and xRhoGAP 11A was demonstrated in DMZ explants. Synthetic
xGit2 or xRhoGAP 11A mRNAs were injected into the right dorsalFig. 5. xGit2 and xRhoGAP 11A reduce RhoA activity. (A) Synthetic mRNAs for xGit2 (800 pg/
ArfGAP activity, were injected in combination with RhoA-myc (200 pg/embryo) into the anim
extracts at stage 11 by RBD-GST fusion protein and detected on a Western blot using an a
(B) Quantiﬁcation of the Westernblot shown in (A). Ratios of pulldown and input were ta
(C) RNA for xRhoGAP11a (30 pg/embryo) and xGit2 (400 pg/embryo) was injected in combi
cell stage Xenopus embryos. Dorsal marginal zones were explanted at stage 10.5 and incub
identiﬁed by nuclear Histone 2B-RFP. Endogenous RhoA activity was inhibited by xRhoGAPbalstomere of 4-cell stage embryos. Histone2B-RFP (H2B-RFP) RNAwas
co-injected to mark the nuclei of the injected cells. The uninjected left
side of the embryo served as an internal control. DMZs were ﬁxed at
stage 11.5 and stained with RBD-GFP, the Rho-binding domain of
rhotekin fused to GFP which speciﬁcally binds GTP-bound, activated
Rho (Berger et al., 2009; Goulimari et al., 2005). Confocal microscopy
revealed that the amount of active Rho was considerably lower in the
xGit2 and xRhoGAP 11A-injected sides compared to the control side
(Fig. 5C).
These experiments corroborate the pulldown experiments of
exogenous myc-tagged RhoA using the RBD-GST fusion protein and
demonstrate that endogenous Rho signaling can be inhibited by xGit2
and xRhoGAP11A. Since PAPC and Fz7-mediated signaling negatively
regulates transcription of the Rho inhibitors xRhoGAP 11A and xGit2,
we hypothesize that the activation of Rho in the involuting mesoderm
could be due to inhibition of xRhoGAP 11A and xGit2.
Expression of constitutively active RhoA could rescue the loss of
Brachet's cleft induced by xRhoGAP 11A but not by xGit2 (Suppple-
mentary Fig. 2), indicating that xRhoGAP 11A modulates tissue
separation through inhibition of Rho. xGit2, which is a multidomain
protein with different protein functions (Frank et al., 2006;Hoefen and
Berk, 2006), can inﬂuence tissue separation via additional mechanisms.Knockdown of xRhoGAP 11A and xGit2 rescue knockdown of PAPC
Since xGit2 and xRhoGAP 11A can inhibit Rho activity, CE
movements and tissue separation we set out to investigate whether
the inhibitory effect of MoPAPC on morphogenetic movements and
Rho activation could be rescued by co-knockdown of the two proteins.
Injection of Bvg1 RNA induced elongation in 60–85% of the explants
and PAPC knockdown reduced the percentage of elongated animal
caps to 30–45%. Elongation of animal caps was rescued in 70–90% of
the Bvg1-induced, MoPAPC-injected explants, when speciﬁc antisenseembryo), xRhoGAP 11A (60 pg/embryo) and xGit2 R39K (800 pg/embryo), which lacks
al region of 4-cell-stage Xenopus embryos. GTP-bound Rhowas recovered from embryo
nti-myc antibody. RhoA activity was inhibited by xGit2, xGit2 R39k and xRhoGAP11A.
ken. The relative Rho-activity of embryos injected only with RhoA-MT was set 100%.
nation with Histone 2b-RFP RNA (200 pg/embryo) into the dorsal right blastomere of 4-
ated with RBD-GFP protein to visualize endogenous activated Rho. Injected cells were
11A and xGit2 compared to uninjected dorsal marginal zone tissue (WT).
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xRhoGAP 11A were coinjected (Fig. 6A, Supplementary Fig. 3).
Interestingly, overexpression of xGit2 could inhibit the rescue of
animal cap elongation by MoRhoGAP, and vice versa xRhoGAP 11A
inhibited the rescued PAPC knockdown by MoGit (Supplementary
Fig. 4). This indicates that XRhoGAP 11A and xGit2 exert their function
on β-catenin independent Wnt-signal not in an epistatic signaling
pathway but interfere with it on different levels.
Rescue of PAPC knockdownby the co-knockdownof either xRhoGAP
11A or xGit2 was also seen in a blastocoel roof assay (Fig. 2B).
Knockdown of xPAPC or xFz7 in Bvg1-induced animal cap cells reduced
tissue separation behaviour to 0–10%. The combined knockdown of
xRhoGAP 11A or xGit2 could rescue tissue separation in 50–70% of
animal cap explants (Fig. 6C, Supplementary Fig. 5). These experimentsFig. 6. Knockdown of xRhoGAP 11A and xGit2 rescue knockdown of PAPC. (A) Mesoderm
Bvg1 RNA (200 pg/embryo) into the animal blastomeres of 4-cell-stage embryos. Elongatio
(MoPAPC). Knockdown of xRhoGAP and xGit2 after injection of antisense morpholino olig
PAPC-depleted ACs. (B) Statistical evaluation of animal cap elongation. Standard error is
PAPC-depleted embryos. Tissue separation behaviour was induced in animal cap cells by i
with MoPAPC (0.5 mM), MoGit (0.5 mM) and MoRhoGAP (0.5 mM). (D) Morpholino ol
depleted embryos in RhoA-activity assay. RhoA-myc RNA (200 pg/embryo) was either
MoGit2 (0.5 mM). GTP-bound RhoA-myc was recovered from embryos lysed at stage 11 a
activity assay shown in (D).demonstrate that inhibition of CE and tissue separation after knock-
down of PAPC is caused by elevated levels of xGit2 and xRhoGAP 11A.
This conclusion was supported by the analysis of Rho activity in
embryos in which PAPC, xGit2 and xRhoGAP 11A function were
knocked down. Rho pulldown assays revealed reduced levels of
activated Rho in MoPAPC injected embryos. In embryos with
combined knockdown of PAPC and xRhoGAP 11A or xGit2, the levels
of activated Rho were not changed compared to the uninjected
controls (Figs. 6D, E). Knockdown of xGit2 and xRhoGAP 11A alone
could increase levels of active Rho to 130 and 240%, respectively
(Supplementary Fig. 6).
These rescue experiments demonstrate that the regulation of Rho
activity in the involuting mesoderm by PAPC is mediated by xRhoGAP
11A and xGit2.differentiation and elongation of animal caps was induced by injection of synthetic
n was blocked by coninjection of 0.4 mM PAPC antisense morpholino oligonucleotide
onucleotides (MoRhoGAP 0.5 mM, MoGit2 0.5 mM) rescued animal cap elongation in
indicated. (C) Knockdown of xRhoGAP 11A and xGit2 rescues tissue separation in
njection of 200 pg Bvg1-RNA per embryo and injected either alone or in combination
igonucleotid-mediated knockdown of xRhoGAP 11A rescues RhoA activity in PAPC-
injected alone or in combination with MoPAPC (0.4 mM), MoRhoGAP (0.5 mM) or
nd visualized using a Western blot and anti-myc antibody. (E) Quantiﬁcation of Rho
Fig. 7.Model of PAPC and Fz7-mediated regulation of xRhoGAP 11A and xGit2. (A) PAPC
and xFz7 inhibit the expression of XGit2 and xRhoGAP 11A in the involuted mesoderm
and promote proper convergent extension movements and tissue separation. (B) After
knockdown of PAPC by morpholino antisense oligonucleotides, the expression of both
xGit2 and xRhoGAP 11A is extended to the involuted mesoderm, where PAPC normally
is expressed. (C) The regulation of convergent extension (CE) and tissue separation (TS)
by PAPC and Fz7 may be attributable to inhibition of xRhoGAP 11A and xGit2 in the
involuting mesoderm.
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PAPC and Fz7 mediate gene transcription
In a search for genes that regulate tissue separation downstream of
PAPC/Fz7, we performed a microarray analysis of animal cap tissue.
PAPC and Fz7-mediated signaling regulate approximately 100 genes
encoding transcription factors, signal transducers and novel hypothet-
ical proteins (Fig. 1A). A comparable number of regulated genes (143)
was identiﬁed by microarray analysis in animal cap explants after
stimulation with activin and angiopoietin (Nagamine et al., 2005). In
another study, 77 regulated genes were found after inhibition of BMP
signaling in Xenopus ectoderm (Shin et al., 2005).
Because PAPC and Fz7 stimulate β-catenin-independent Wnt signal-
ing, it is reasonable to assume that transcription of the identiﬁed genes is
regulated directly or indirectly by this signaling cascade. Non-canonical
Wnt signaling has to date only rarely been linked to a transcriptional
readout. PAPC expression is regulated via the Wnt-5A/Ror2 pathway
(Schambony and Wedlich, 2007), and EAF2, a component of the ELL-
mediated RNA polymerase II elongation factor complex, has been
identiﬁedas a target of aβ-catenin-independentWnt4-signalingpathway
(Maurus et al., 2005). The mechanisms which lead to the activation of
these target genes are not known.
Among the genes which are downregulated by PAPC/FZ7 are two
novel Xenopus proteins xGit2 and xRhoGAP 11A. These two putative
regulators of Rho signaling were analyzed for their function in
regulating morphogentic movements in Xenopus embryos.
xGit2 and xRhoGAP 11A inhibit Rho-signaling
xRhoGAP11A is aGTPase-activatingprotein speciﬁc for RhoA, and its
GAP domain is essential for the negative regulation of RhoA (Tcherke-
zian and Lamarche-Vane, 2007). xGit2 is also a GTPase activating
protein, but its GAP domain is speciﬁc for the small GTPase Arf (ADP
ribosylation factor), a member of the Ras superfamily (Randazzo et al.,
2000). The GAP domain of xGit2 has no direct catalytic activity for Rho,
but overexpression of xGit2 reduces RhoA activity in the Xenopus
embryo. Interestingly, this inhibiting activity for Rho is independent of a
functional GAP domain. A point mutation in the GAP domain that
abolishes this function inhibits Rho activity, like the wildtype xGit2
protein (Di Cesare et al., 2000;Matafora et al., 2001). Previously another
arfGAP, xGAP, has been described to play a role in Xenopus gastrulation
by regulating the cell intercalations occurring during CE movements.
Most importantly the effect of xGAP on morphogenetic movements is
also independent of its GAP activity, arguing in favour of the
involvement of another functional domain of the protein (Hyodo-
Miura et al., 2006). Git proteins are associated with the control of a
variety of intracellular processes, such as cytoskeletal dynamics,
membrane trafﬁcking and localization of signaling molecules (Hoefen
and Berk, 2006). Git proteins interact via PIX (p21-activated kinase
interacting exchange factor) with PAK (p21-activated kinase) and the
small GTPases Rac1 and Cdc42 (Frank et al., 2006). Another interacting
protein is Paxillin, a focal adhesion adaptor protein which links Git
proteins to the adhesion machinery and to the regulation of cell
migration (Mazaki et al., 2001). ThemechanismbehindxGit2 regulation
of tissue separation and convergent extension movements remains to
be investigated.
Rho signaling is regulated transcriptionally
The small GTPase RhoA cycles between an active, GTP-bound state
and an inactive, GDP-bound state. The activation and inactivation of Rho
is controlled by GAP and GEF (guanine nucleotide-exchange factor)
proteins. GEF proteins catalyze the exchange of GDP to GTP, whereas
GTPase activating proteins hydrolize GTP to GDP. It is well known thatβ-
catenin-independent Wnt signaling activates RhoA, but little is knownabout the GAPs and GEFs which regulate Rho activity during Xenopus
development. Recently a Rho guanine nucleotide exchange factor (GEF)
calledWGEFwas described inXenopus as being involved inXenopus PCP-
signaling. WGEF is expressed dorsally in the region of the prospective
notochord and is required for CEmovements (Tanegashima et al., 2008).
In addition, a RhoGAP (XrGAP) with unknown function has been
described that is localized speciﬁcally in the notochord and the brain
(Kimet al., 2003). Despite the conserved functionof Rho in the regulation
ofmorphogenesis, there are no RhoGAPs or RhoGEFs known in zebraﬁsh
that are speciﬁcally expressed during gastrulation. Here we show for the
ﬁrst time that Rho signaling is regulated on a transcriptional level via the
modulation of xRhoGAP 11A expression and that transcription of
xRhoGAP 11A is downregulated by PAPC/Fz7-mediated signaling
(Fig. 1B). Elevated levels of Rho in the involuting mesendoderm can
therefore be explained by the transcriptional repression of the Rho
inhibitor in this domain by PAPC and Fz7.
PAPC and Fz7 deﬁne the expression domains of xGit2 and xRhoGAP 11A
xGit2 and xRhoGAP 11A are strongly expressed in the dorsal
ectoderm, but onlyweak expression is seen in the involutingmesoderm,
where PAPC and Fz7 are expressed and active Rho-signaling is detected
(Berger et al., 2009) When PAPC is knocked down by morpholino
antisense oligonucleotides, expression of xGit2 and xRhoGAP 11A is no
longer suppressed in the involuting mesoderm and their expression
domains are extended into this region. Rho signaling is inhibited in this
areabyxRhoGAP11Aand xGit2 leading todefects inmorphogenetic cell
behaviours like tissue separation and convergence and extension. This
indicates that xRhoGAP 11A and xGit2 act downstream of PAPC/Fz7
signaling. This view is supported by the ﬁnding that overexpression of
xGAP in the dorsal mesendoderm phenocopies the inhibitory effect of
PAPC and Fz7 knockdown on tissue separation and convergent
extension. (Medina et al., 2004; Winklbauer et al., 2001). Furthermore,
knockdown of PAPC in TGF-β-induced animal caps inhibits CE move-
ments and this defect can be rescued by simultaneous knockdown of
PAPC and xGit2 or xRhoGAP 11A, indicating that the regulation of CE by
PAPC is mediated by inhibition of xGit2 and xRhoGAP 11A expression
35I. Köster et al. / Developmental Biology 344 (2010) 26–35in vivo. Finally, knockdown of xRhoGAP 11A and xGit2 restores RhoA
activity in PAPC-depleted embryos, demonstrating that PAPC-mediated
Rho activation is achieved by suppression of xRhoGAP 11A and xGit2.
This study suggests that PAPC and Fz7 together suppress the
transcription of the two Rho-inhibitors and proper PCP-signaling can
take place in the involuting mesoderm (Fig. 7). We propose that Rho-
signaling is regulated by the restriction of its inhibitors to the dorsal
ecotoderm in the dorsal involuting mesoderm.
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